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= + + + +
where is the intercept term, , , are the effects of x g , x E and x g x E , respectively, and e is the residual. The phenotypic variance conditional on the genotype of the variant is assuming that x g , x E and e are independent of each other. This equation shows that the phenotypic variance given a genotype is dependent on the genotype in the presence of GEI (i.e., ≠ 0).
Note S2. The Bartlett's test, the FK test, and the DGLM test
We evaluated four variance quantitative trait locus (vQTL) methods by simulation. Details of the Levene's test have been described in the Methods section of the main text, and details of the other three methods are described below.
The Bartlett's test 29 is one of the earliest methods used to test the inequality of variance but known to be sensitive to the violation of normality assumption 28 . The Bartlett's test-statistic is where n is the total sample size; k is the number of groups; is the sample size of the i-th group, = ∑ =1 ; 2 is the sample variance in the i-th group; 2 is the pooled estimate of the variance, where n is the total sample size; k is the number of groups; is the sample size of the i-th group, = ∑ =1 ; a is the "rank score" assigned by
2 ) with j being the rank of all observations based on | −̃|, ̃ being the median of the i-th group and −1 being the standard normal quantile function; is the mean rank score of the i-th group; is the mean rank score of all observations; 2 is the sample variance of rank scores of all observations. We used the fligner.test() function in R for data analysis.
Ronnegard et al. 33, 34 proposed a double generalized linear model (DGLM) 35 respectively. We used "dglm" package in R for data analysis.
Note S3. Rank-based inverse-normal transformation
We used the simulated data to compare several phenotype processing strategies. Rank-based inverse-normal transformation (RINT) was conducted based on the formula below 68,69
where is the ordinary rank of the i-th observation; n is the total number of observations; c is a constant value (set to 0.5 in this study); −1 is the standard normal quantile function; is the transformed value for the i-th observation. For RINT after covariate adjustment, we first adjusted the phenotypes for covariates and then transformed the residuals by RINT.
Note S4. The effective number of independent traits
As some phenotypes were correlated with each other ( Figure S2a ), we used an eigendecomposition analysis to estimate the effective number of independent traits 66 . Let y be a vector of p phenotypes and V be the variance-covariance matrix of vector y. The eigen decomposition of matrix V is
where Q is the matrix of eigenvectors and Λ is the diagonal matrix comprised of the ordered eigenvalues λ 1 … λ p . The effective number of p phenotypes can be estimated as 66
Note S5. Definitions of the three environmental factors-PA, SB, and smoking Physical activity (PA) was assessed based on the questions from International Physical Activity Questionnaire (IPAQ) 70 , including the number of days per week of walking (DayW), the number of days per week of moderate physical activity (DayW), the number of days per week of vigorous physical activity more than 10 minutes (DayV), the duration of walking (DurW), the duration of moderate physical activity (DurM), and the duration of vigorous physical activity (DurV) ( Table S1b ). According to the IPAQ analysis guideline 67 , the metabolic equivalents (MET) minutes for walking (METW), moderate physical activity (METM), vigorous physical activity (METV), and the total MET (METT) minutes were calculated by
The physical activity level was then labelled as 1) "high" (coded as 3) when "DayV3 and METT1500" or "DayW+DayM+DayV7 and METT3000"; 2) "moderate" (coded as 2) when "DayV3 and DurV20" or "DayM5 and DurM30" or "DayW5 and DurW30" or "DayW+DayM+DayV5 and METT600"; 3) "low" (coded as 1) when no activity or some activity was reported but not enough to meet the criteria above.
Sedentary behaviour (SB) was defined as the sum of the time spent driving (TimeD), non-workrelated computer using (TimeC) or TV watching (TimeTV) ( Table S1b) . We removed outliers 5 SD from the mean; the remaining data ranged from 0 to 17 hours.
Smoking was assessed based on the answers to two questions about current tobacco smoking (CurS) and past tobacco smoking (PastS) ( Table S1b ). Individuals were classified as "never smoker" (coded as 0) if CurS = "no" and PastS = "tried once or twice" or "never". Individuals were classified as "ever smoker" (coded as 1) if CurS = "most days" or "occasionally", or PastS = "most days" or "occasionally". The expected phenotypic mean and variance given a genotype of locus B (marker) can be found in the tables below.
Note S6. Expected inflation in the Levene
D = − × [ (1 − ), (1 − )] −(1 − )(1 − ) D' ′ = min[ (1 − ), (1 − )] , if D > 0 ′ = [ , (1 − )(1 − )] , if D < 0 1 -1 2 2 = 2 (1 − )(1 − ) [ (1 − ) (1 − ) ,(1 −BB ( | ) = = 2 2 ( | ) = = 2 ( − ) 2 ( | ) = = ( − ) 2 2 Bb ( | ) = = ( − ) (1 − ) ( | ) = = (1 − − + ) + ( − )( − ) (1 − ) ( | ) = = ( − )(1 − − + ) (1 − ) bb ( | ) = = ( − ) 2 (1 − ) 2 ( | ) = = 2( − )(1 − − + ) (1 − ) 2 ( | ) = = (1 − − + ) 2 (1 − ) 2
Causal variant (locus A) with an additive genetic effect
We therefore can observe an additive effect on both mean ( ) and variance ( ) at the marker (locus B)
where
QTL test-statistics at the marker variant (locus B)
Assuming phenotypic variance of 1 (i.e., var(y) = 1), the variance explained by the marker variant ( 2 ) and the non-centrality parameter (NCP) of a chi-squared test for QTL effect at the marker can be written as
where n is the sample size, 2 is the variance explained by the causal variant, and 2 is the LD between the causal and the marker variants. This derivation is consistent with that in previous studies 72, 73 .
vQTL test statistic at the marker variant (locus B)
Under normality assumption, the distribution of the phenotype with respect to the marker variant can be written as
We then have
The Levene's test is essentially one-way ANOVA test on the variable z (see the Methods section).
We therefore have
where Levene is the Levene's F-statistic; SST, SSR and SSR are the total sum of squares, regression sum of squares and error sum of squares, respectively, as defined in an ANOVA analysis.
Given that var(y) = 1, we can replace 2 with 2 2 (1− )
, and effect on neither mean nor variance (nei), 2) effect on mean only (mean), 3) effect on variance only (var), or 4) effect on both mean and variance (both). The error term was generated from 5 different distributions: normal distribution, t-distribution with degree of freedom (df) = 10 or 3, or 2 distribution with df = 15 or 1. Four statistical test methods, i.e. the Bartlett's test (Bart), the Levene's test (Lev), the Fligner-Killen test (FK) and the DGLM, were used to detect vQTLs. In panel b, the Levene's test was used to analyse phenotypes processed using five strategies, i.e. raw phenotype (raw), raw phenotype adjusted for covariates (adj), rank-based inverse-normal transformation after adj (rint), logarithm transformation after adj (log), square transformation after adj (sq), and cube transformation after adj (cub). Positive rate is defined as the number of vQTLs with p < 0.05 divided by the total number of tests across 1,000 simulations, which is the FPR under the null ("nei" and "mean") and power under the alternative ("var" and "both"). The red horizontal line represents an FPR of 0.05. WHR is the ratio of waist circumference to hip circumference; d) WHRadjBMI is the residual after adjusting WHR for BMI. Table S2 . Seventy-five experiment-wise significant vQTLs for nine UKB traits.
(a) The vQTL and QTL tests. 
